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Many marketed drugs contain fluorine, reflecting its ability to modulate a variety of biological
responses. The unique 20S proteasome inhibition profile of fluorosalinosporamide compared to
chlorinated anticancer agent salinosporamide A (NPI-0052) is exemplary and relates to each halogen’s
leaving group potential. Crystal structures of fluoro-, hydroxy-, and bromosalinosporamide in complex
with the yeast 20S proteasome core particle (CP) provide mechanistic insights into ligand binding
and leaving group elimination and the ability to fine-tune the duration of proteasome inhibition.
Fluorosalinosporamide/CP crystal structures determined over time offer striking snapshots of the
ligand trapped with an intact fluoroethyl group in anticipation of fluoride elimination, followed by
complete nucleophilic displacement of fluoride to give the highly stabilized cyclic ether found for
salinosporamide A and bromosalinosporamide. This two-step reaction pathway is consistent with a
mechanism for partially reversible proteasome inhibition by fluorosalinosporamide. Proteasome
catalyzed fluoride displacement provides preliminary insights into the active site Thr1N pKa.

Introduction

The 26S proteasome is a multicatalytic enzyme complex
that is responsible for degradation of intracellular proteins
and has emerged as a validated target for the treatment of
cancer.1,2 Downstream consequences of selective proteasome
inhibition include blocking the activation of the NF-κB path-
way, interfering with the timely degradation of cyclins and
other proteins that regulate the cell cycle, and stabilizing
proapoptotic proteins. These defined mechanisms of action
supported the exploration of the therapeutic potential of
proteasome inhibitors, and in 2003, the U.S. Food and Drug
Administration approved bortezomib ((R)-3-methyl-1-((S)-
3-phenyl-2-(pyrazine-2-carboxamido)propanamido)butylboro-
nic acid) for the treatment of relapsed and/or refractorymultiple
myeloma, effectively validating the proteasome as a target
in oncology.3,4 “Lessons learned” from bench to bedside have
been recently reviewed.2 Predating clinical studies, proteasome
structural biology provided an in-depth understanding of the
structure and function of this complex molecular machine.5

Proteolysis occurs within the 20S core particle (CPa), which
comprises 28 subunits forming four stacked rings, together
creating a barrel shaped structure with a central cavity through

which protein substrates enter and peptide hydrolysis products
exit.6,7 The two central rings contain three pairs of proteolytic
subunits (β5, β2, and β1) for which chymotrypsin-like (CT-L),
trypsin-like (T-L), and caspase-like (C-L) activities have been
respectively conferred on the basis of their substrate specificities.
The proteolytic subunits are classified among the N-terminal
nucleophile hydrolase family of enzymes in light of the active
site architecture, which possesses an N-terminal nucleophilic
threonine residue that catalyzes substrate hydrolysis.6,7

Understanding the details of 20S proteasome function
has benefited from studies of the 20S CP in complex with a
variety of inhibitors, including members of the β-lactone-
γ-lactam family.8-10 One such inhibitor is anticancer agent
salinosporamide A (1 (NPI-0052), Chart 1),11,12 a chlorinated
marine natural product that is active in several nonclinical
tumor models13-16 and is currently in clinical trials for the
treatment of patients with hematologic and solid tumor
malignancies.12,14,17,18 A characteristic feature of 1 is its
prolonged duration of inhibition of all three 20S proteolytic
functions in vitro and in vivo,13,19withparallel observations in
packed whole blood lysates obtained from patients in clinical
trials.20 We therefore sought to elucidate the mechanism of
prolonged inhibitionat themolecular level and embarked on a
series of structure-activity relationship and structural biol-
ogy studies.19,21,22 Crystal structures of 1 and deschloro
analogue 2 in complex with the yeast 20S CP revealed a
unique binding mechanism for 1 in which covalent addition
of Thr1Oγ to the β-lactone carbonyl is followed by elimina-
tion of the chlorine leaving group (LG).We hypothesized that
the resulting highly stabilized cyclic ether end product
(Scheme 1, Ib0) renders 1 irreversibly bound.22 These findings
were supported by inhibition/recovery studies on a suite of
analogues, which clearly demonstrated that the presence of

†Atomic coordinates for the hydroxysalinosporamide/20S protea-
someCP complex have been assigned PDB code 3HYE. Coordinates for
the fluorosalinosporamide/20S proteasome CP complexes have been
assigned PDB codes 3GPT and 3GPW.
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a good LG imparts prolonged duration inhibition of isolated
proteasomes in vitro. Those analogues bearing LGs (giving
rise to Ib0) were classified as irreversible inhibitors, while non-
LG analogues acted as slow substrates.19

The differences in the biological activities of 1 and 2,
bearing chlorine and hydrogen, respectively, begged the ques-
tion of the behavior of a fluorinated analogue. Fluorine is
frequently introduced intomedicinal compounds tomodulate
a variety of biological responses ranging from pharmacoki-
netics to ligand binding affinity. Such tunability is based
on fluorine’s unique physicochemical properties (e.g., low
polarizability, relatively small van der Waals radius [1.5 Å,
compared to hydrogen (1.2 Å)], and extremely high electro-
negativity), which may enhance lipophilic interactions and
dipolar contactswith the protein target and offer the potential
to act as a “true” hydrogen-bond acceptor.23-26 The replace-
ment of hydrogenwith fluorine is themost common structural
modification, reflecting theminimal change in steric effect and
the increased strength of the C-F bond. On the basis of this
premise, the introduction of fluorine to replace hydrogen in
the case of 2 might result in enhanced biological activity.
While replacement of chlorine with fluorine has less precedent
in medicinal chemistry, adopting this approach in the case of
anticancer agent 1 offered the intriguing possibility of mod-
ulating the proteasome inhibition/recovery profile based on a
previously unexploited property of fluorine: its poor leaving
group potential. The unique possibilities offered by a fluori-
nated analogue led to independent reports on the semi-
synthesis19 and mutasynthesis27 of fluorosalinosporamide (3).

Consistent with the established precedent for enhanced activity
for fluorinated compounds compared to their hydrogen-bear-
ing counterparts, 3 was found to be more potent than 2. In
contrast, 3 exhibited decreased potency compared to 1.19,27

Most interestingly, the proteasome inhibition/recovery profile
of 3 was intermediate between those of 1 and 219,27 and, more
generally, between LG and non-LG analogues.19 On the basis
of our proposedmechanismof inhibition/recovery for this class
of proteasome inhibitor, we tentatively attributed the unique
profile of 3 to slow elimination of fluoride.19 However, it is
difficult to predict the behavior of fluorine substrates (so-called
“flustrates”).28 Moreover, fluoride elimination from sp3 car-
bons rarely occurs and reportedly only under vigorous condi-
tions (e.g., reflux in the presence of acid or base).29-31 The
notoriously poor LG ability of fluorine32 suggested that this
halogen might remain intact when bound to the proteasome
and that its “intermediate” potency andproteasome inhibition/
recovery profile might be rooted in other unique properties of
fluorine (vide supra), including its potential toact as ahydrogen
bond acceptor.27 Establishing the basis for the unusual beha-
vior of 3 would thus offer critical insights for fine-tuning
proteasome inhibition. An intact fluoroethyl group would
suggest that this side chain can be modified to exploit interac-
tions within the proteasome S2 binding pocket, which repre-
sents a largely open cavity that can be particularly difficult to
model. Conversely, fluoride elimination would support the
premise that the observed proteasome inhibition/recovery
profile is based on LG potential. In this study, we sought to
unequivocally elucidate the mechanism for partially reversible
proteasome inhibition by 3. First, we determined the crystal
structures of 3 in complex with yeast CP after two distinct
incubation times. Then, to explore the potential for hydrogen
bonding interactions involving fluorine, we performed a com-
parative study of the CP in complex with hydroxysalinospor-
amide (4), with the rationale that OH is a superior hydrogen
bond acceptor compared to F.25,26 Furthermore, to investigate
whether the LG plays a role in proteasome inhibition post-
elimination, the crystal structure of the proteasome CP in
complex with bromosalinosporamide (CP/5) was determined
in an attempt to detect the eliminated bromide ion by taking
advantage of anomalous diffraction on the bromine edge.
Together, the three selected ligands span the rangeof irreversible
(5), partially reversible (3), and slow substrate (4) inhibitor.19

Results

Cocrystallization of Inhibitors with 20S Proteasomes from

S. cerevisiae. To explore the possibility that slow fluoride
elimination renders 3 a partially reversible proteasome inhi-
bitor, crystal structures of CP/3 complexes were evaluated at
two time points. Specifically, 3 was complexed with the yeast
20S proteasome by soaking a single proteasome crystal with
3 for 60 min at a final concentration of 1.25 mM (CP/3-1).
A second, independent CP/3 complexation was performed
with a long (24 h) soaking time (1.25 mM, CP/3-2). The
hydroxy group of 4 is not expected to undergo elimina-
tion after β-lactone ring-opening;19 thus, the CP/4 structure
was evaluated after a single long time point (24 h, final
concentration of 2.5 mM). In the case of bromosalinospor-
amide (5), rapidhalogen elimination is expected;19 therefore, a
single, short crystal soak time (60 min, 2.5 mM) was imple-
mented. To identify whether a released bromide anion is
bound at any defined protein receptor position, anomalous
data were collected on CP/5 crystals at the bromine edge.

Chart 1

Scheme 1. Mechanism of Inhibition of the 20S Proteasome by
LG and Non-LG Analogues and Potential Pathways for Re-
covery of Enzymatic Activity and Aqueous Hydrolysisa

aPathway A: aqueous hydrolysis of β-lactone in solution. B: ester

formation between the inhibitor and Thr1Oγ. C: re-formation of the

β-lactone within the proteasome active site. D: hydrolysis of the

inhibitor-Thr1Oγ ester bond. E: intramolecular nucleophilic displacement
(pathway only active when R = LG).
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Crystallographic refinement started from the coordinates of
the yeast 20S proteasome7 followed by anisotropic overall
temperature factor correction as well as positional refinement
using CNS33 and cyclic 2-fold symmetry averaging using
MAIN.34 Electron density maps calculated with phases after
averaging allowed a detailed interpretation of complexes of
the 20S CP with compounds 3, 4 and 5. For the scanning of
bromine binding sites, an anamolous FOFC electron density
was calculated. In all cases, the inhibitors occupy all six
proteolytic subunits and are covalently bound to the
N-terminal threonine residues via the carbonyl carbon atom
derived from the β-lactone ring. Since the ligands have pre-
viously shown the highest affinity for the CT-like site,19,21

detailed aspects of each CP/inhibitor complex are discussed
with particular focus on the β5 subunit.

Bromosalinosporamide in Complex with the 20S Core

Particle (CP/5). Evaluation of the electron density map of
CP/5 (see Supporting Information) indicated that the bind-
ing of bromosalinosporamide at the proteasome active sites
is analogous to that of 1 (rmsd = 0.02 Å). Specifically, the
carbonyl carbon atom derived from the β-lactone ring is
covalently bound to the catalytic N-terminal Thr1Oγ, and
the C3-O forms a cyclic ether ring with the C-2 side chain as
a result of release of bromide, which was entirely complete
within the 1 h incubation period in all three subunit types.
The bromide anion could not be detected in the anomalous
density map, excluding the possibility of a defined anion
receptor/binding site at the proteasomal active site conco-
mitant with cyclic ether ring formation. This may suggest
total release of the bromide anion from the active site
or nondefined binding of the bromide anion. Once released,
it appears unlikely that the anion plays a further role in
proteasome inhibition subsequent to its critical role in
enabling the formation of the irreversibly bound cyclic ether
end product (Scheme 1, Ib0).

Hydroxysalinosporamide in Complex with the 20S Core

Particle (CP/4). In the case of the CP/4 complex, the experi-
mental electron density map with subunit β5 is shown in
Figure 1a. The hydroxyethyl side chain of 4 is pointing into
the open S2 binding pocket. This side chain is less well-
defined in electron density for subunits β1 and β2, indicating
that it is more flexible within these two sites. However, the
C-1-C-2-C-12-C-13 dihedral angle is 65 ( 2� across the
three subunits, indicating that the side chain adopts a
common low energy gaucheþ conformation in all three sites
(see Supporting Information). In the β5 subunit, there is
diffuse electron density associated with a water molecule in
proximity to both the side chain hydroxyl group of 4 and
Gly23NH (4-OH-HOH, 3.0 Å; HOH-Gly23NH, 3.2 Å).
Its position suggests the potential to form a bridge between
the inhibitor and the proteasome (W6, Figure 1a,b), possibly
supporting the relative conformation of the hydroxyethyl
side chain compared to the fluoroethyl group of CP/3-1 (vide
infra). However, the hydroxyethyl side chain is already in a
relatively low energy gauche conformation, and the electron
density for the water is weak, making its presence and
functional significance uncertain.

Fluorosalinosporamide in Complex with the 20S Core

Particle (CP/3-1 and CP/3-2). The electron density maps of
CP/3-1 and CP/3-2 (1 and 24 h crystal soak times, respec-
tively) with subunit β5 are captured in Figure 1c,e. The
experimental results represent an averaging of electron den-
sity and therefore capture the dominant species at each time
point; a superposition of the structures is shown in Figure 2.

These crystal structures offer striking snapshots of protea-
some inhibition by 3 over time and provide new mechanistic
insights for the β-lactone-γ-lactam class of inhibitors. The
CP/3-1 complex depicts an intact fluoroethyl side chain,
providing the first view of the halogenated ligand prior to
LG elimination, while the CP/3-2 complex reveals complete
elimination of fluoride in all proteolytic subunits, clearly
apparent from the cyclic ether end product that is essentially
identical to those of CP/1 and CP/5. Superposition of
inhibitor molecules from subunits β5 for CP/1, CP/5, and
CP/3-2 gave rmsd < 0.05 Å for all atoms (data not shown).
Thus, while the average electron density offered no evidence
for fluoride elimination after 60 min, the displacement
reaction was complete after 24 h. These findings support
a two-step reaction with initial, rapid formation of the
acyl-enzyme intermediate (CP/3-1; formula Ib, Scheme 1),
followed by slow elimination of fluoride and concomitant
formation of the stable cyclic ether end product (CP/3-2;
formula Ib0). In CP/3-1, the conformation of the fluoroethyl
side chain (-44� in β5; -42 ( 8� across three subunits for
dihedral angle C-1-C-2-C-12-C-13; see Supporting In-
formation) is distinct from that observed for CP/4 (þ65�,
vide supra) (Figure 2) and might be stabilized by favorable
hydrophobic van der Waals interactions with the aromatic
side chain ofTyr168 (F-Tyr168, 3.7 Å; F-Tyr168, 3.8 Å, for
two carbon atoms of the aromatic ring) in subunit β5. The
overall architecture of the ligand within the binding site
seems to anticipate fluoride elimination. The well-defined
fluoroethyl side chain requires a relatively modest change in
the C-1-C-2-C-12-C-13 dihedral angle (-40� rotation) to
achieve the final conformation of the five-membered cyclic
ether found inCP/3-2 (-84�), and the terminal carbon (C-13)
bearing fluorine is in proximity to C-3O, which will ulti-
mately displace it. Remarkably, C-13 (CH2F) is 3.1 Å from
C-3O, approximating the sum of their van der Waals radii
and strongly indicating that the fluoroethyl side chain has
adopted a nearly optimal conformation for fluoride elimina-
tion. Moreover, C-3O is 2.8 Å from the free N-terminus
(Thr1NH2), strongly supporting the role of the free amino
group as the catalyst for the intramolecular nucleophilic
displacement reaction. Interestingly, the fluorine atom in
the β5 subunit of the CP/3-1 structure is surrounded by
a remarkably well-defined network of water molecules
(W1-W5, Figure 1d) that were not detected in CP/3-2 (i.e.,
after fluoride elimination) or in any yeast proteasome crystal
structure to date. The most proximal water molecule, W2, is
juxtaposed between F (F-O, 2.6 Å) and W1 (O-O, 2.6 Å),
indicating that W2 forms a hydrogen bond bridging F and
W1.25,26 On the basis of its relative position (S129NH, 3.1 Å;
S129OH, 3.1 Å; C-3O, 2.8 Å), W1 may represent the
dominant nucleophile of the water molecule cluster involved
in substrate hydrolysis22,35 that has been displaced by C-3O
upon ligand binding. The fluorine atom is also proximal to
three other well-defined water molecules, W3, W4, and W5.
The excellent electron density and the nature in which these
five water molecules surround the fluorine atommay suggest
structural and/or mechanistic relevance, such as solvation of
the anion upon its release. Overall, the CP/3-1 structure
embodies numerous features consistent with a ligand in
anticipation of leaving group elimination, including a side
chain conformation that renders the ligand (C-3O and C-13)
and the active site catalytic N-terminus suitably organized
for nucleophilic displacement of fluorine, with the potential
for fluoride anion solvation by proximal water molecules
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after elimination, together giving rise to the highly stabilized
cyclic ether end product observed in CP/3-2. The species
involved in this two-step proteasome inhibition reaction
sequence, trapped in crystal structures of the 20S CP in
complex with 3 by virtue of slow fluoride elimination, may
be viewed as “freeze-frame” windows into the analogous
mechanism for anticancer agent 1.

pH Dependence of Halide Elimination in Aqueous Buffer.

The ability of the proteasome active site to catalyze the
uncommon reaction of fluoride displacement from an sp3

carbon demonstrates the effectiveness of the free base
(Thr1NH2). The analogous intramolecular fluoride elimina-
tion reaction for 3 (Iaf Ia0, Scheme 1) is exceedingly slow in
aqueous buffer (g5 days at pH 7.3, 37 �C),19 and independent

Figure 1. Electron density and two-dimensional contactmaps for compounds 3 and 4 in complex with the 20SCT-L site. Stereorepresentation
of the CT-L active site of the yeast 20S proteasome in complex with 4 (Sal-OH) (a), 3-1 (Sal-F, 60 min) (c), and 3-2 (Sal-F, 24 h) (e). Covalent
linkage of the inhibitor with β5-Thr1Oγ is drawn in magenta. The electron density map (colored in green) is contoured from 1σ around Thr1
(colored in black) with 2FO - FC coefficients after 2-fold averaging. Temperature factor refinement indicates full occupancies of the inhibitor
binding site. The ligands have been omitted for phasing. Schematic overview of 4 (b), 3-1 (d), and 3-2 (f) and amino acids of the ligand binding
site of the 20S proteasome.Hydrogen bonds with their correlated distances between heavy atoms in Å are shown as black broken lines, whereas
the characteristic oxygen and nitrogen atoms are presented in red and blue capitals, respectively. Nonpolar hydrogen interactions are drawn as
gray cycle segments. Water molecules are shown as yellow spheres. The distances between atoms involved in nucleophilic displacement of
fluoride (Thr1N, C3-O, and C-13) are highlighted as brown broken lines (d).
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reports of intramolecular displacement of fluoride to form
cyclic ethers required vigorous conditions.29-31 The kinetics
of the more facile chloride elimination from 1 in aqueous
buffer have been reported previously; the reaction rate was
pH-independent from pH 4.5 to pH 6.5 and increased
at pH>7.36 While the pKa of C-3OH is not known, it is
reasonable to expect it to be similar to that of other tertiary
alcohols (>14). Thus, chloride displacement at low to neutral
pH suggests that C-3OH, in the form of the alcohol, can act as
the nucleophile.37Thenucleophilicity ofC-3O should increase
with pH to enhance the rate of halide displacement, consistent
with the reported rate increase from pH 7 to pH 8 or 9.36 To
extend our understanding of the pH-dependence of halide
elimination from 1 and 3 to the high pH range, β-lactone ring-
opening and subsequent halide displacement were monitored
by HPLC at 37 �C in phosphate buffer (25 mM) from pH 7.5
to pH 12.3. Hydrolysis of the β-lactone was previously
established to occur at the same rate for 1 and 3 and to
precede halide displacement,19 allowing us to focus on the
latter step (Ia f Ia0, Scheme 1). The results clearly demon-
strated that fluoride elimination occurred more rapidly with
increasing pH (Figure 3). The time course for fluoride elim-
ination at pH 12.3 (which begins to approach the pKa of an
alcohol) approximated that of chloride elimination at pH 7.5,
which may reflect the increased nucleophilicity/higher con-
centration of C3-O- (anionic state) required to drive the SN2
reaction in the case the stronger carbon-fluorine bond.

Discussion

Anticancer agent 1 exhibits prolongeddurationproteasome
inhibition in vitro and in vivo;13,19 moreover, packed whole
blood lysates obtained from patients in phase I clinical trials
show sustained inhibition of all three 20S proteolytic activities
after intravenous administration of 1.20 The crystal structure
of 1 in complex with the 20S proteasome provided a strong
case for the role of the LG in the mechanism for irreversible
binding,22 and inhibition/recovery studies of analogues bear-
ing LG substituents in place of chlorine demonstrated that a
good LG imparts prolonged duration proteasome inhibition
(no recovery of activity after 24 h of dialysis) compared
to non-LG analogues (full recovery of activity, e12 h).19

A mechanism was proposed (Scheme 1) whereby non-LG
analogues act as slow substrates that are ultimately removed
from the proteolytic active site by either re-formation of
the β-lactone ring (pathway C) or aqueous hydrolysis
(pathway D), with steric interference by C-3O attenuating
the latter pathway.19,22 These two possible competing path-
ways for cleaving the inhibitor-proteasome ester linkage are
putatively catalyzed by the freeN-terminus (Thr1NH2). In the
case of 1 and LG analogues, LG elimination (pathway E)
presents a competing pathway that apparently occurs much
more rapidly than pathway C and/or pathway D. Moreover,
once theLGhas been eliminated, there is no effectivemeans of
hydrolyzing the ester linkage between the inhibitor and
Thr1Oγ; the β-lactone ring cannot re-form, as C-3O is con-
fined within the cyclic ether ring, and aqueous hydrolysis
is limited by steric interference by C-3O, together with a
catalytically inactivated (protonated, at least temporally)
N-terminus (Thr1NH3

þ).22 Thus, 1 and LG analogues (in the
form of Ib0) are rendered irreversibly bound.19,22 Interestingly,
fluorosalinosporamide (3) exhibited an intermediate protea-
some inhibition/recovery profile compared to LG and non-LG
analogues, with only partial recovery of CT-L activity after
dialysis.19 Insights obtained from crystal structures of 3 in
complex with the 20S CP demonstrate that the mechanism
forpartially reversible proteasome inhibition is indeedbasedon
slow elimination of fluoride catalyzed by the free N-terminus
(Scheme 1). After formation of the acyl-enzyme adduct,
intermediate Ib (observed in crystal structure CP/3-1), the
rate of LG elimination is sufficiently attenuated (because of
the poor LG properties of fluorine) such that pathways
C (β-lactone reformation) andD (aqueous hydrolysis) become
competitive with pathway E (LG elimination). As a result, a
fraction of bound inhibitor 3may be removed from the active
site (via pathway C and/or pathwayD), while another fraction
may be converted to the irreversibly bound cyclic ether end
product Ib0 via pathwayE, as found in crystal structureCP/3-2.
Such competition results in partial recovery of proteolytic
activity (resulting from the hydrolyzed fraction) and ultimately
stabilization to a constant level of inhibition (attributed to the
irreversibly bound fraction).19 Kinetically, 3 behaves as a slow
substrate (in the form of (CB/3-1; Ib) that undergoes in situ
transformation to an irreversible inhibitor (CP/3-2; Ib0). In
summary, attenuating the LG potential of the ligand by
replacement of chlorine (1) with fluorine (3) modulates the
proteasome inhibition profile from that of a true irreversible
inhibitor to a partially reversible inhibitor.
The ligand’s behavior as a slow substrate versus irreversible

inhibitor will affect the extent and duration of proteasome
inhibition, thereby contributing to potency. Previously estab-
lished IC50 values for inhibition of the CT-L activity of

Figure 2. Structural superimpositions at the CT-L site: (a) 3-1 (Sal-
F, 60min, colored in green) and 4 (Sal-OH, cyan); (b) 3-1 (Sal-F, 60
min, green) and 3-2 (Sal-F, 24 h, gray), including Thr1 (black) and
covalent linkage of the inhibitor with β5-Thr1Oγ (magenta). The
structural superimpositions clearly indicate structural rearrange-
ments of side chains in salinosporamides in a unique way before and
after completion of the five-membered ether ring formation, thereby
changing the inhibitor binding mode on the proteasome from
reversible to irreversible.

Figure 3. pH dependence of halide elimination from 1 and 3 in
aqueous buffer.
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isolated 20S proteasomes (IC50(5) = 2.6 nM < IC50(3) =
9.2 nM< IC50(4) = 14 nM) are inversely correlated with LG
potential (Br > F > OH), partially reflecting contributions
from irreversible binding but also the enthalpies and entropies
associated with LG elimination.19,21 For a covalent adduct,
ligand binding affinity, reaction energetics at the binding site,
and the off rate (koff) from the target must all be considered.
For example, while 1, 3, 4, and 5 all have substituted ethyl side
chains that adopt more defined conformations upon ligand
binding and recognition by the active site (followed by cyclic
ether formation in the cases of 1, 3, and 5), this decrease in
entropy can be offset by anion elimination (entropy increase)
when the ligand bears a LG. Inability to detect the bromide
anion in the anomalous density map indicated that there is no
defined LG anion receptor binding site at the proteasomal
active site, consistent with an entropy increase. Contributions
from reaction enthalpies include relativeLGpotential, i.e., the
less facile elimination of fluoride compared to superior LGs
(e.g., chloride andbromideof1 and5, respectively). Finally, in
terms of koff rates, non-LG analogue 4 behaves as a slow
substrate that is slowly eliminated from the binding pocket,
1 and 5 are irreversibly bound, and3behaves intermediately.19

Indeed, many of the contributions to binding energetics and
potency outlined above relate to the absence or presence and
nature of the LG, including irreversible binding, which will
enhance the extent of proteasome inhibition. However, the
IC50 values for inhibition of CT-L activity of isolated protea-
somes are all in the low nanomolar range,19 and the most
significant consequences of irreversible binding may be on
downstream cellular events and efficacy (vide infra).
Proteasome-catalyzed fluoride elimination begs the ques-

tion of the Thr1N pKa. In contrast to the serine proteases, for
which the catalytic His57 pKa has been the subject of in-depth
studies, the 20S proteasome Thr1N pKa has not been re-
ported. By use of serine proteases as a parallel case of
an enzyme catalyzing peptide bond hydrolysis, the optimal
His57 pKa was expected to fall between 9 and 14, i.e.,
sufficiently high to abstract a proton from the nucleophile
(Ser195OH; pKa ≈ 14) but not so high as to prohibit proton
transfer to the amine leaving group of the cleaved peptide.38

Detailed studies by Frey and co-workers demonstrated that
the His57 pKa is effectively raised upon ligand binding via a
conformational change, with concomitant formation of a low
barrier hydrogen bond with the proximal Asp102 carboxylate
side chain in this classic case.38-40 Using trifluoroketone
inhibitors in complex with chymotrypsin, observed His57
pKa values (∼10-12) were established to fall within the
expected optimal range. In the proteasome, the analogous
peptide bond cleavage reaction is catalyzed within a unique
active site architecture in which Thr1N (in concert with a
watermolecule acting asproton shuttle) assumes a similar role
toHis57, while Thr1OHacts as the nucleophile. By analogy, it
is plausible that the Thr1 pKa may be in a similar range to that
of His57 in the ligated form, enhancing its ability to catalyze
proton abstraction from the Thr1OH alcohol. In the presence
of inhibitors 1 and 3, an elevated Thr1N pKa could also
increase the nucleophilicity of tertiary alcohol C-3OH and
accelerate SN2 displacement of the halide. In general, the free
N-terminal R-amino group of a protein has an “expected”
pKa of ∼6.8-7.9.41 If the proteasome free N-terminus
(Thr1N) pKa is inherently high (e.g., 10-12) prior to ligand
binding, it should be fully protonated at physiological pH
and therefore unavailable for catalysis. Thus, a catalytic
N-terminus may require pKa elevation upon ligand binding

to “activate” proton abstraction from Thr1OH, akin to that
of serine proteases. Conversely, the Thr1OHcould be induced
to become more acidic (pKa reduction). While a network of
neighboring residues with potential to interact with and
modulate the pKa of Thr1NandThr1OHhas been described,7

the value of the Thr1N pKa and whether it might be raised
upon ligand binding and/or over the course of substrate
hydrolysis remain to be established.
What can halide elimination from 1 and 3 tell us about

proteasome substrate hydrolysis and active site pKa values?
Upon reaction with β-lactone inhibitors, the enzyme-inhibi-
tor complex is structurally analogous to the acyl-enzyme
adduct during peptide substrate hydrolysis.6,7 In this case, the
inhibitor C-3OH occupies the position of the nucleophilic
water that would generally cleave the acyl-enzyme bond.22

Thus, monitoring proton transfer in β-lactone adducts, in-
cluding proton abstraction from C-3OH, may provide in-
sights into the more broadly applicable deacylation reaction.
While model experiments in aqueous solution cannot mimic
enhanced catalysis in the active site that may occur through
proximity and orientation (e.g., Thr1N to C-3O, which are
within hydrogen bonding distance in the proteasome active
site), other energetically favorable aspects unique to an en-
zyme active site, such as potential contributions from induced
fit, may be less relevant in this case given that halide elimina-
tion occurs within the open S2 cavity; furthermore, the
geometry of C-12-C-2-C-3-C-3O is fixed and essentially
identical in both the proteasome active site and aqueous
solution. Moreover, C-3OH only makes contact with Thr1N,
strongly reducing the possibility that the C-3OH pKa is being
influenced by other neighboring residues and further suggest-
ing that C-3OH behaves like a typical tertiary alcohol. Thus,
optimal pH values for halide elimination reactions in aqueous
solutionmay provide somepredictive valuewith respect to the
Thr1N pKa. In the case of 1, nucleophilic displacement of
chloride by C-3O occurred in aqueous buffer at physiological
pH, while fluoride elimination from 3 was exceedingly slow
(Figure 3).At pH11, fluoride eliminationwas still only∼50%
complete after ∼12 h. At pH 12.3, fluoride elimination was
markedly accelerated; the reaction was complete within∼5 h,
while chloride elimination was complete after e1.3 h. These
latter time frames approximate those estimated from inde-
pendent studies demonstrating partial or complete recoveryof
proteasome inhibition by 3 or 1, respectively, after room
temperature dialysis.19 Moreover, Moore and co-workers
previously demonstrated irreversible binding by 1 after only
15 min of preincubation at 37 �C,27 further supporting rapid
chloride elimination in the proteasome active site. Accelerated
halide elimination with increasing aqueous buffer pH, to-
gether with currently available data on the time frames for
irreversible binding to the proteasome, is suggestive of a
proteasome active site Thr1N pKa > 10, which is consistent
with the analogy drawn from serine proteases (vide supra).
While this rationale requires many assumptions, it suggests
that a detailed kinetic evaluation of proteasome inhibition/
recovery by 1 and 3 over a range of pH values, in concert
with crystallographic analysis, may offer a viable strategy to
formally establish the proteasome Thr1N pKa.

Concluding Remarks

The importance of a LG to the proteasome inhibition
profile of 1 and analogues is now well established.19,22 The
fluorosalinosporamide/CP structure CP/3-1 presented herein
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provides the first view of the ligand prior to LG elimination,
captured by virtue of the poor LG ability of fluoride.
A snapshot in subunit β5 at the 1 h crystal soak time reveals
the inhibitor prearranged for fluoride elimination, with
(i) a well-defined fluoroethyl side chain conformation,
(ii) CH2F within van der Waals distance of the C-3O nucleo-
phile that will displace fluoride, (iii) Thr1N within hydrogen
bonding distance of C-3O, supporting its role as a catalyst for
the intramolecular nucleophilic displacement reaction, and
(iv) fluorine proximal to a network of well-defined, low
entropy water molecules that may solvate the anion upon its
release.Fluoride eliminationwas complete after 24 hof crystal
soak time, giving cyclic ether end product (CP/3-2). These
findings provide a rare example of fluoride displacement from
an sp3 carbon in the context of an enzyme active site and offer
preliminary insights into the active siteThr1NpKa. The ability
to trap the ligand before and after fluoride elimination is
consistent with the behavior of fluorosalinosporamide as a
partially reversible proteasome inhibitor and gives credence to
the general mechanism outlined in Scheme 1 for this class of
inhibitor, opening the door for further exploitation of this
pathway for fine-tuning proteasome inhibition. Effective
modulation of the proteasome inhibition profile by introduc-
tion of fluorine provides yet another compelling example of
the utility of fluorine in medicinal chemistry but uniquely
based on its property as a LG.
Modulating the equilibrium of proteasomal protein degra-

dationmaycause irreversible effectson cell behavior.Previous
studies indicated that LG analogues are ∼3 log units more
cytotoxic to RPMI 8226 cells compared to non-LG analo-
gues.21 Cell response to the ligand depends on a variety of
properties, including its half-life, metabolism profile, affinity
constant, and koff rate from its molecular target. As it is now
possible to design analogues with profiles that span the LG
(true “irreversible inhibitors”) andnon-LG(“slow substrate”)
analogues, as exemplified by fluorosalinosporamide, the im-
pact of koff on cellular events downstream of the proteasome
can be probed directly. Recent studies in leukemia cells
indicate that LG analogues enhance induction of reactive
oxygen species for prolonged periods compared to non-LG
analogues and more effectively activate caspase-8. Both pro-
cesses occur downstream of proteasome inhibition.42 Fine
tuning the duration of proteasome inhibition may have
important therapeutic implications for the treatment of
cancer, inflammation, and infectious diseases.

Experimental Section

Synthetic Protocols. Compounds 3 and 4 were prepared
by semisynthesis, identified by spectroscopic methods, and
evaluated for purity by analytical HPLC (98.4% and 98.8%,
respectively), all as described previously.19 Compound 5 was
prepared by fermentation of Salinispora tropica using a stepwise
NaBr-enrichment scheme followed by repetitive chromatogra-
phy of the crude extract as described previously.43 The identity
of 5 was confirmed by spectroscopic methods and purity
was determined by analytical HPLC (95.8%), also described
previously.43

pH Dependence of Halide Elimination from Compounds 1 and
3. β-Lactone hydrolysis and halide elimination from 1 and 3

weremonitored byHPLCover time in phosphate buffer (25mM
Na2HPO4) at 37 �C. The pH of the buffer solution was adjusted
to 7.5, 11.0, or 12.3 with either 0.1MNaOH or 0.1MHCl using
a Beckman pH meter. The buffer solution was pre-equilibrated
at 37 �C for 30 min on an HPLC autosampler (Agilent 1200).
Compounds were prepared as 1 mg/mL stock solutions in

acetonitrile, and aliquots (20 μL) were spiked into pre-equili-
brated buffer (980 μL) to a final concentration of 20 μg/mL.
The solutions were analyzed over time by sequential injection of
25 μL aliquots onto an Agilent analytical HPLC 1200 system
equipped with a photodiode array detector and a C-18 column
(ACE 3 C18, 150 mm� 4.6 mm, column temperature of 30 �C).
The HPLC mobile phases were A (0.01% aqueous TFA) and
B (0.01% TFA in acetonitrile). The gradient commenced with
100% A (1 min) followed by linear increase to 100% B over the
next 15 min at a flow rate of 1 mL/min. HPLC autosampler
temperature (37�C) wasmonitored periodically with an external
temperature probe. The starting materials and halide elimina-
tion products were identified by their established HPLC reten-
tion times. The UV area (mAU 3 s) for Ia

0 was plotted against
HPLC injection time using Microsoft Office Excel 2007.

Cocrystallization. Crystals of the 20S proteasome from
S. cerevisiae were grown in 2 μL hanging drops at 24 �C under
0.1 M morpholinoethanesulfonic acid (MES) (pH 6.8), 25 mM
MgAc2, and 9% 2-methyl-2,4-pentanediol (MPD) buffer condi-
tions as previously described.44 Growth of crystals was completed
within 72 h; these crystals were then incubated for 60 min with
either 0.5 μL of fluorosalinosporamide (3) or 0.5 μL of bromosa-
linosporamide (5). Soaked crystalswere transferred to a 5μLdrop
of cryoprotectant [0.025 M Tris (pH 7.5), 25 mM MgAc2, and
30%MPD] for 5min and subsequently were amorphously cooled
to100Kby steamfreezingusing liquidnitrogen.Crystalmounting
anddata collectionwere performedat the synchrotronat the Swiss
Light Source, Paul-Scherrer-Institute, Villingen, Switzerland.
Long time soakswereperformedbyadding 5μLof cryoprotectant
[0.025 M Tris (pH 7.5), 25 mM MgAc2, and 30% MPD] to the
crystallization drop followed by 0.5 μL of either hydroxysalinos-
poramide (4) or 0.5 μL of fluorosalinosporamide (3) for 24 h.
Crystals were directly mounted out of the drop, and data collec-
tion was performed as described above for the short time soaks of
3 and 5.

The space group belongs toP21 with cell dimensions of about
a=135 Å, b=301 Å, c=144 Å, and β=113� (see Supporting
Information). Data to 2.5 Å were collected using synchrotron
radiation with λ=1.0 Å and λ=0.9196 Å in the case of 5 at the
bromine absorption edge at the X06SA-beamline in SLS,
Villingen, Switzerland. Crystals were soaked in a cryoprotecting
buffer (30% MPD, 20 mM magnesium acetate, 100 mM
morpholinoethanesulfonic acid, pH 6.9) and frozen in a stream
of liquid nitrogen gas at 90 K (Oxford Cryo Systems). X-ray
intensities and data reduction were evaluated by using the
XDS program package.45 The anisotropy of diffraction was
corrected by an overall anisotropic temperature factor by
comparing observed and calculated structure amplitudes
using the program CNS.33 Electron density was improved by
averaging and back-transforming the reflections 10 times over
the 2-fold noncrystallographic symmetry axis using the pro-
gram package MAIN.34 Conventional crystallographic rigid
body, positional, and temperature factor refinements were
carried out with CNS using the yeast 20S proteasome structure
as startingmodel.7Modeling experiments were performed using
the coordinates of yeast 20S proteasome with the program
MAIN.

The atomic coordinates for the hydroxysalinosporamide/
proteasome CP and fluorosalinosporamide/proteasome CP
complexes have been deposited with the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics at
Rutgers University (CP/3-1, PDB code 3GPT; CP/3-2, PDB
code 3GPW; CP/4, PDB code 3HYE).
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Supporting Information Available: Electron density and two-
dimensional contact maps for bromosalinosporamide (5) in
complex with the 20S CT-L site; structural superimpositions
of ligands 3 and 4 at the CT-L (β5), T-L (β2), and C-L (β1) sites;
supplementary data collection and refinement statistics. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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